Abstract | Astrocytes are now emerging as key participants in many aspects of brain development, function and disease. In particular, new evidence shows that astrocytes powerfully control the formation, maturation, function and elimination of synapses through various secreted and contact-mediated signals. Astrocytes are also increasingly being implicated in the pathophysiology of many psychiatric and neurological disorders that result from synaptic defects. A better understanding of how astrocytes regulate neural circuit development and function in the healthy and diseased brain might lead to the development of therapeutic agents to treat these diseases.
and function [7] [8] [9] . In recent years, several families of astrocyte-secreted molecules have been identified 1, 2, 4, 10 , and these molecules have been shown to regulate several aspects of synaptic development and function in vitro and in vivo (TABLE 1) .
Establishment of the correct number and types of synapses is essential for the formation of neural circuits and for information processing in the brain. Neural circuit formation occurs in three distinct stages. First, immature synapses form between axons and dendrites. Second, synapses undergo maturation, which involves the conversion of silent synapses to active ones. Third, excess synapses are eliminated or pruned to refine the neuronal connections within the circuit. In the past, research has focused on identifying the neuron-derived molecules that regulate these intricate processes 11 . Despite the identification of a diverse range of neuronal mechanisms that regulate neural circuit formation, we are still far from fully understanding the processes involved. The surprising discovery that neurons rely on astrocytes to instruct the formation of their synapses leads to the possibility that astrocytes provide a layer of control that acts in parallel with, and interacts with, the neuronal processes that control circuit formation. A better understanding of the bidirectional signals between neurons and astrocytes should advance our knowledge of neuronal circuit development.
There is mounting evidence that many neurodevelopmental diseases, such as autism and schizophrenia, are characterized by defects in synapse formation and function [12] [13] [14] [15] [16] [17] [18] [19] . Recent studies have also implicated astrocytes in the pathophysiology of many of these diseases 20, 21 . This is not surprising, given that astrocytes have such a pivotal role in synapse formation and function. Thus, astrocytes might be a new target for the development of therapeutic agents to treat these diseases in the future.
In this Review, we discuss our rapidly evolving understanding of how astrocytes contribute to normal synapse formation and neural circuit development and highlight the effect of perturbation of these processes on human health and disease.
Astrocyte control of synapse formation During the development of the mammalian nervous system, neural precursor cells initially generate neurons and then astrocytes (reviewed in REF. 22 ). Although the generation and expansion of astrocytes is largely completed by early postnatal stages, astrocytes continue to elaborate and refine their processes after birth during the active period of synaptogenesis 6 . A single rodent astrocyte can associate with multiple neurons and can contact up to 100,000 synapses 23, 24 . Furthermore, like neurons, astrocytes express ion channels, receptors and cell surface molecules that allow them to respond to neurotransmitters and environmental cues 25 . These features place astrocytes in a crucial position to communicate actively with neurons and thereby to coordinate the development of neural circuits. Recent studies in rodents have shown that astrocytes can use both secreted and contact-mediated signals to control synapse formation, and both of these are discussed here. 
Matricellular SPARC family
Matricellular glycoproteins that modulate the interaction of cells with the extracellular matrix primarily through regulation of cell adhesion, cell proliferation and matrix deposition.
Secreted signals control excitatory synapse formation.
The first evidence that astrocytes instruct synapse formation came from a study that used purified rodent retinal ganglion cells (RGCs). This model has proven to be an extremely useful system in which synapse development can be studied, as RGCs can be immunopurified and cultured for several weeks in the absence of glia and other cell types 26, 27 . In the complete absence of glia, RGCs form very few synapses 5 . Surprisingly, when cultured in the presence of astrocytes, or in a medium that had been conditioned by soluble signals released by astrocytes, these neurons could form tenfold more excitatory synapses, and synaptic functionality was increased 6 . Later in vitro studies confirmed that astrocytes can also instruct synapse formation in rodent hippocampal neurons 3, 28 , cortical neurons 29 , spinal motor neurons 30 , cerebellar Purkinje cells 31 and human neurons 29, 32 . What are the astrocyte-secreted signals that control synapse development? The first synaptogenic, astrocytesecreted molecule to be identified was apolipoprotein E bound to cholesterol 10, 33 . The authors showed that cholesterol enhances presynaptic differentiation in cultured RGCs by increasing the release capacity of individual synapses; it does this by promoting the synthesis and maturation of synaptic vesicles 33 . In addition, the thrombospondins (TSPs; also known as the THBSs) were recently identified as one of the key astrocyte-secreted signals for promoting synapse formation 2 (FIG. 1) . The TSPs are large extracellular matrix proteins that are secreted by cultured astrocytes and are abundantly expressed by astrocytes in vivo. In particular, two TSP isoforms, TSP1 and TSP2, can promote the formation of structurally normal excitatory synapses 2 . In addition, immunodepletion of TSP1 and TSP2 from astrocyte-conditioned medium inhibited the synapseinducing effect of astrocytes. During development, astrocytes express high levels of TSP1 and TSP2, and mice lacking both of these proteins have significantly fewer excitatory synapses than wild-type mice do 2 , highlighting the crucial role of the TSPs in synapse formation in vivo. Although the expression of TSP1 and TSP2 is downregulated after the peak of synaptogenesis, the closely related protein TSP4 is expressed in the adult brain 2 . This raises the question of whether astrocytesecreted TSP4 is involved in synaptogenesis in the adult brain. Interestingly, comparative gene expression profiling has revealed that TSP4 is much more highly expressed in the human brain than in the non-human primate brain 34 , suggesting that perhaps higher levels of TSP expression enable humans to form more synapses, thus contributing to the greater capacity of the human brain to learn and adapt
.
How do the TSPs promote the formation of neuronal synapses? One of the neuronal receptors for the TSPs is the α 2 δ-1 subunit of the voltage-gated calcium channel 35 .
Binding of the TSPs through their type 2 epidermal growth factor-like repeats to the von Willebrand factor type A domain of the neuronal α 2 δ-1 receptor triggers a series of cellular events that lead to the recruitment of synaptic adhesion and scaffolding molecules to synaptic sites 36 . The TSPs can also interact with other synaptic molecules, including the integrins 37 and neuroligins 28 , both of which are essential for synapse formation. Given that the TSPs can interact with many molecules at the synapse, it is possible that the TSPs might promote synapse formation by modulating several different signalling pathways. At present, the signalling pathways immediately downstream of TSP interactions with synaptic proteins remain undetermined, although protein kinase A seems to be important for these processes 38 . In addition to the TSPs, astrocytes also influence excitatory synapse development by releasing hevin (also known as SPARCL1) and SPARC, which are members of the matricellular SPARC family 4 (FIG. 1) . Unlike TSP1 and TSP2, which are primarily expressed in the developing brain but are subsequently downregulated, astrocytes continue to express hevin and SPARC in the adult brain. Both in vitro and in vivo, hevin can promote the formation of excitatory synapses, whereas SPARC antagonizes the synaptogenic function of hevin 4 . As well as regulating synapse number, hevin also increases synapse size. The presynaptic and postsynaptic adhesion molecules, the neurexins and neuroligins, have been shown to interact with hevin, and knocking down neuroligin expression abolished hevin-induced synaptogenesis (S. Singh, A. Pamukcu and C. Eroglu, personal communication). These data suggest that hevin induces excitatory synapse formation by clustering trans-synaptic adhesion molecules.
Collectively, these findings indicate that the structural assembly of excitatory synapses can be mediated by different astrocyte-secreted proteins. Given the time course of the expression of the TSPs and hevin, it is possible that the TSPs have a primary role in the induction of synapses, whereas hevin might regulate the morphological maturation and maintenance of synapses. Glutamate Nature Reviews | Neuroscience
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The negative regulation of synapse formation by SPARC raises the question of whether SPARC can disassemble pre-existing synapses or cause them to revert to an immature state and thereby contribute to plasticity within neural circuits. Consistent with this idea, a recent study showed that neural activity can regulate SPARC expression by astrocytes and that SPARC-null mice have defects in synaptic plasticity 39 . The authors of this study proposed that SPARC interacts with integrin receptors at excitatory synapses to control the levels of AMPA receptor expression and thereby regulates the strength of excitatory synapses.
Despite the key roles of the TSPs and hevin in promoting excitatory synaptogenesis, additional astrocytesecreted signals are required to induce synapse maturation and functionality, as synapses induced by the TSPs and hevin are structurally normal but postsynaptically silent 2, 4 . Recent evidence suggests that astrocytes secrete additional signals to induce the insertion of AMPA receptors into the postsynaptic terminals in order to convert these immature synapses into functional mature synapses 1 . The roles of astrocytes in synapse maturation are discussed later.
Astrocytes control inhibitory synapse formation. During development, inhibitory synapses form before excitatory synapses, and they initially form an excitatory network that is thought to be decisive for neural circuit development (reviewed in REF. 40 ). As well as promoting excitatory synapse formation, astrocytes also promote the formation of inhibitory synapses. They do this by secreting molecules to regulate both presynaptic and postsynaptic differentiation. Culturing developing hippocampal neurons in the presence of astrocytes or in astrocyte-conditioned medium significantly increased the amplitude and density of type A GABA (GABA A ) receptor currents 41 . Consistent with this finding, astrocyte-conditioned medium also increased the length and branching of GABAergic axons and the number of inhibitory synapses in hippocampal cultures 3, 42 . Thus, soluble factors released by astrocytes can modulate presynaptic and postsynaptic differentiation and regulate the expression of GABA A receptors at developing inhibitory synapses. At present, the molecular identities of the astrocyte-secreted proteins that are responsible for promoting inhibitory synapse formation remain unknown. Interestingly, the TSPs, which strongly induce excitatory synaptogenesis, are not responsible for inducing inhibitory synaptogenesis. TSP depletion does not prevent inhibitory synaptogenesis 3 , suggesting that astrocytes release different molecules that independently promote excitatory or inhibitory synapse formation. Although further work is required to determine the exact mechanism by which astrocytes control inhibitory synapse formation, recent work 43 has highlighted the importance of astrocyte-mediated regulation of inhibitory synaptogenesis. In this work, the authors genetically depleted specific developmental populations of astrocytes from the spinal cord and found that, in the absence of astrocytes, motor neurons had more inhibitory synapses and fewer excitatory synapses than when astrocytes were present 43 . This indicates that astrocytes are needed to support the appropriate formation and/or maintenance of excitatory and inhibitory synapses in the spinal cord.
Astrocyte contact controls synapse formation. So far we have focused on astrocyte-secreted signals, but other findings suggest that direct contact between astrocytes and synapses might also be important for synapse development. In one study, researchers 44 investigated the effects of local astrocyte contact on synapse formation by time-lapse imaging of hippocampal neurons cultured on 'micro-islands' of extracellular matrix proteins with astrocytes overlaid. Local astrocyte contact increased presynaptic activity, the amplitude of excitatory postsynaptic currents and the overall number of excitatory synapses that formed among the neurons. This contact-dependent mechanism was found to be mediated by astrocytic activation of neuronal integrin receptors followed by activation of the protein kinase C signalling cascade 44 . In addition, contact-mediated signals from astrocytes enhanced the ability of neurons to receive synapses 45 . Neurons are not born with the ability to receive synapses but instead acquire this ability. Direct contact with astrocytes was sufficient to induce Astrocytes secrete the thrombospondins (purple circles), which are reported to interact with neuroligins, the α 2 δ-1 voltage-gated calcium channel subunit and integrins to induce excitatory structural synapse assembly. Astrocytes also secrete hevin (orange circles) and SPARC (red circles). Hevin promotes the formation of excitatory synapses, whereas SPARC antagonizes the synaptogenic function of hevin. Both neurexins and neuroligins have been identified as binding partners for hevin, and SPARC can bind integrins. It is thought that the thrombospondins and hevin bind to and cluster trans-synaptic adhesion molecules to induce the formation of structurally normal but postsynaptically silent excitatory synapses. The dashed arrow indicates action potential (AP) propagation, which induces glutamate release from synaptic vesicles. NMDAR, NMDA receptor.
Glycosylphosphatidylinositol linkages
Post-translational lipid modifications that are found in a diverse range of proteins. The glycosyl-phosphatidylinositol domain serves to anchor these proteins to the membrane. Glycosyl-phosphatidylinositol proteins can be released from the cell membrane upon cleavage by endogenous phospholipases.
synaptic receptivity, and this effect was mediated by alterations in the localization of the synaptic adhesion molecule neurexin in dendrites 42 . However, in developing RGCs (unlike in hippocampal neurons), the protein kinase C signalling pathway was not sufficient or necessary for astrocyte-contact-mediated increases in synapse number 45 , suggesting that astrocytes might use different contact-mediated signals to induce synapse formation in different neurons. Future studies will be required to identify the astrocytic ligands that induce contact-mediated synapse formation. With the improvement of live imaging techniques in brain slices and in vivo, it will be particularly interesting to investigate the importance of astrocyte contact for synapse development in vivo.
Astrocyte control of synapse maturation
The TSPs and hevin control the structural formation of excitatory synapses between CNS neurons, but these synapses are postsynaptically silent because they lack AMPA receptors. Here, we review the evidence from rodent studies that astrocytes secrete specific molecules to promote synapse maturation and that astrocytic contact can promote dendritic spine maturation.
Astrocyte-secreted signals in synapse maturation. A biochemical approach has been used to identify a family of astrocyte-secreted molecules that are sufficient to induce the formation of functional excitatory synapses 1 . These molecules were shown to be the glypicans, which are a family of heparan sulphate proteoglycans. Glypicans are anchored to the extracellular side of the cell plasma membrane by glycosyl-phosphatidylinositol linkages, which can be cleaved by endogenous phospholipases, thus releasing the protein. The application of glypicans to purified RGCs was sufficient to increase the frequency and amplitude of glutamatergic synaptic events 1 . The glypican-mediated increase in synaptic activity was achieved by increasing the surface expression and clustering of the GluA1 subunit of the AMPA receptor 1 (FIG. 2) . Furthermore, astrocytes express glypican 4 and glypican 6 in vivo, with glypican 4 being highly expressed in the hippocampus and glypican 6 being highly expressed in the cerebellum 1 .
The importance of the glypicans in synapse maturation has also been demonstrated in vivo. Glypican 4-deficient mice had defective synapse formation, with a marked decrease in the amplitude of excitatory postsynaptic currents in the developing hippocampus and a reduction in recruitment of AMPA receptors to synapses 1 . These data indicate that astrocytes release distinct factors, including the TSPs, hevin, SPARC and glypicans, with spatiotemporal specificity to control both the formation and the maturation of the neural circuitry.
How do astrocyte-secreted glypicans convert silent synapses into functional synapses? An attractive neuronal receptor for translating the actions of the glypicans is the protein tyrosine phosphatase receptor leukocyte antigen-related receptor (LAR; also known as PTPRF). The glypicans are conserved across species, and glypican 4 is homologous to Dally-like in Drosophila melanogaster 46 . In the fly brain, Dally-like binds to and signals through LAR to promote the maturation of excitatory synapses 47 . Consistent with this idea, removal of LAR from mammalian hippocampal neurons reduced their ability to recruit AMPA receptors to synapses 48 . These studies provide interesting insights into how the glypicans induce synapse maturation, but further work will be required to identify the neuronal receptor for the glypicans.
Astrocytes in dendritic spine maturation. Synapse maturation involves both the recruitment of postsynaptic receptors and the stabilization of dendritic spines. Dendritic spines are highly specialized subcellular compartments that contain the excitatory postsynaptic machinery and are extremely dynamic 49 . Spine morphology changes markedly in response to changes in neuronal activity and environmental stimuli. For example, during long-term depression, spines shrink in size and AMPA receptors are removed from the plasma membrane, leading to a reduction in synaptic strength 50 . By contrast, during long-term potentiation, spines become larger and more stable and the number of AMPA receptors expressed at the synapse increases, leading to a strengthening of the synapse 51 . Moreover, highly motile dendritic spines are more frequently observed during development, whereas spines are thought to become more stable in the adult brain 52, 53 . Many studies support a model in which highly motile dendritic protrusions are extended towards presynaptic boutons during synaptogenesis, and a subset of these are stabilized and converted to mature spines in the adult brain [54] [55] [56] . Fine astrocyte processes wrap intimately around dendritic spines 57 , and this interaction is almost exclusive to spines as opposed to presynaptic terminals 58 . Electron microscopy studies in the hippocampus have
Box 1 | Astrocyte control of synapse development in humans
The control of synapse development by astrocytes is highly conserved across all species, including humans. As discussed throughout this Review, many studies have shown that rodent astrocytes control every stage of synapse development. There are similar findings in humans, as recent studies show that human neurons generated from induced pluripotent stem cells or embryonic stem cells form few synapses unless astrocytes are present 29, 32 . The superior cognitive abilities of the human brain have long been assumed to be the result of an evolutionary increase in brain size and the generation of new neural circuits 114 . However, the demonstration that astrocytes control the formation and function of synapses raises the question of whether human astrocytes have evolved a much greater ability to control the formation, function and plasticity of synapses. Consistent with this possibility, a gene-profiling study of mouse and human brains suggested that the glial transcriptomes might have evolutionarily diverged more than the neuronal transcriptomes between the two species 115 . In addition, a recent study comparing gene expression in the cerebral cortices of humans and non-human primates found only two genes that were much more highly expressed in the human brain. Interestingly, one of these was thrombospondin 34 , which encodes an astrocyte-secreted protein that strongly promotes synapse formation. Finally, a recent study compared the synaptogenic effects of rodent and human astrocytes and found that human astrocytes were able to induce the formation of a larger number of synapses in rodent neurons than could rodent astrocytes 29 . Future studies comparing the transcriptomes of human and mouse astrocytes and investigating the molecules released from human astrocytes might provide new insights into how human astrocytes control synapse formation and function, and whether differences between human astrocytes and those of other species contribute to the much greater capacity of the human brain to learn and adapt. found that approximately 60% of synapses are contacted by astrocytes 59 . Intriguingly, like dendritic spines, astrocytic processes display rapid remodelling behaviour [60] [61] [62] . In fact, fine astrocytic processes show cooperative motility with dendritic spines and can rapidly elaborate and retract their processes to change their proximity to the synapse 61 . Furthermore, larger and more stable spines were found to have more stable contacts with astrocytic processes 61 , suggesting that astrocytes might be important for the stabilization of spines.
Despite the ideal positioning of astrocytes close to dendritic spines, the detection of neuronal signals by astrocytes has been thought to be too slow to be involved in the local modulation of synaptic transmission [63] [64] [65] . Indeed, the calcium transients that have been reported in astrocyte processes occur on a slower timescale than fast synaptic transmission, and, typically, trains of sustained stimulation were necessary to induce these glial calcium transients [63] [64] [65] . However, a recent study using two-photon and confocal imaging techniques similar to those used to study synaptic activity in dendrites revealed that fine astrocyte processes can detect synaptic activity induced by single physiological synaptic stimulation in functional compartments along their processes 66 . Astrocytes responded to synaptic activity by local discrete calcium transients that occurred on a similar timescale to that of synaptic activity 66 . These data suggest that astrocytes are intimately involved with neuronal dendrites, can respond to synaptic activity and regulate synaptic transmission 66 . Perhaps these local calcium transients in astrocytes, which are evoked by synaptic activity, can also induce changes in the morphology of astrocytic processes to regulate their proximity to dendritic spines.
The positioning of astrocyte processes close to dendritic spines also has a crucial role in the buffering of the glutamate released at the synapse. During excitatory synaptic transmission, much of the glutamate that is released by the presynaptic terminal is taken up by astrocytic glutamate transporters 67 . Therefore, remodelling of astrocytic processes is likely to have a large influence on the glutamate concentration at the synaptic cleft and the size of the postsynaptic current. 'Spillover' of glutamate into the local area around the synapse has been reported to direct the remodelling of dendritic spines and to promote the extension of new spine heads towards neighbouring presynaptic terminals, resulting in the formation of new synapses 68 . Interestingly, astrocytes were found to reduce their contact with spines during spine head remodelling 68 . In addition, spine head remodelling was inhibited by glutamate transporter blockers, suggesting that glial control of extracellular glutamate is important for plastic changes in spine morphology 68 . Thus, the astrocytic control of extracellular glutamate provides another mechanism by which astrocytes can control neural circuit development.
Astrocytes might also regulate dendritic spine dynamics through receptor tyrosine kinase EPHs and their ligands, the ephrins. In the hippocampus, dendritic spines are enriched with EPH type A4 (EPHA4), and its ligand ephrin A3 is localized to the astrocytic processes that surround the spines. Activation of EPHA4 by ephrin A3 induced spine retraction, whereas inhibition of ephrin A3-EPHA4 interactions distorted spine shape and organization 69 . In accordance with these findings, EPHA4-knockout mice were found to have irregularities in the morphology of their dendritic spines 69 . Ephrin A3-knockout mice have spine irregularities similar to those observed in EPHA4-knockout mice 70 . Intriguingly, glutamate uptake by glia is increased in ephrin A3-knockout mice. Furthermore, some forms of hippocampus-dependent learning are impaired in ephrin A3-knockout mice 70 . This evidence suggests that the interaction between neuronal EPHA4 and glial ephrin A3 bidirectionally controls synapse morphology, glial glutamate transport and the functionality of neural circuits.
To summarize, these studies indicate that soluble and contact-mediated signals between astrocytes and neurons are important for the formation, maturation and maintenance of synaptic connections and ultimately for the development of neural circuits. . This is because NMDARs are subject to a voltage-dependent magnesium block. Therefore, NMDARs rely on AMPAR activation to produce sufficient depolarization to allow cations to flow through the channel and to produce an excitatory postsynaptic current (which in turn generates an action potential (AP) that propagates along the axon, as indicated by the dashed arrow). Astrocytes secrete glypicans (green circles) to increase the surface levels and clustering of the GluA1 subunit of the AMPAR and thereby to induce excitatory synapse functionality. The neuronal receptor for the glypicans has yet to be identified, but studies in Drosophila melanogaster indicate that the protein tyrosine phosphatase receptor leukocyte antigen-related receptor (LAR) could be involved. 
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Classical complement cascade
This system amplifies the immune response to aid the clearance of pathogens from an organism. The complement system consists of many small proteins found in the blood. When stimulated, proteases in this system cleave proteins to release cytokines and initiate a cascade of further cleavages to amplify the immune response.
Opsonize
To tag a pathogen by the binding of an antibody (or opsonin) to target it for removal by a phagocytic cell.
Astrocyte control of synapse pruning To establish precise connectivity in neural networks, excessive synaptic connections are eliminated during brain development [71] [72] [73] [74] . Synapse elimination is also important in the mature nervous system, in which sensory experience can drive the activity-dependent removal of synapses, and these changes might underlie the adaptive remodelling of neural circuits 75 . The cellular and molecular mechanisms that underlie synapse elimination are largely unknown, although neural activity has an important role 73, 76 . Here, we review evidence that implicates astrocytes in the process of synapse elimination.
Astrocytes release synapse elimination signals.
Recent studies have reported that astrocytes can control synapse elimination. Synapses in the retinogeniculate system are a well-established model system for studying synapse refinement and elimination. In this system, signals released from astrocytes induced the expression of the complement component C1q, the initiating protein in the classical complement cascade, in neuronal synapses throughout the postnatal brain 77 (FIG. 3) . In particular, immature astrocytes induced the expression of C1q, and C1q mRNA expression was highest in RGCs between postnatal day 5 (P5) and P10 and declined significantly by P30 (REF. 77 ). In accordance with this, most synapse refinement and elimination occurs before P25 in the retinogeniculate circuit 78 .
In the innate immune system, the most welldescribed role of C1q is to opsonize unwanted debris or cells for removal by phagocytic immune cells 79 . Mice lacking either C1q or the downstream complement cascade protein C3 failed to execute synapse elimination, as determined by the absence of anatomical refinement of the retinogeniculate connections and by the excess of retinal innervations by lateral geniculate neurons 77 . Furthermore, the failure of synapse elimination in C1q-deficient mice led to enhanced synaptic connectivity and epileptic activity, indicating that this synapse elimination pathway has a crucial role in neural circuit development.
These findings raise the question of how complementtagged synapses are eliminated from neural circuits. In the brain, microglia are the resident immune cells, and they express the receptors for C1q and C3 abundantly 80 . Consistent with this idea, microglia have been shown to phagocytose the synaptic terminals of motor neurons after injury 81 . Given that C1q functions as a molecular signal to identify cells for removal, it is possible that C1q tags weak synapses for removal by the same mechanism. This hypothesis was recently confirmed with the demonstration that microglia engulf presynaptic terminals and, in some cases, also engulf juxtaposed pre-and postsynaptic structures 82 . Interestingly, when neural activity was blocked, microglia preferentially engulfed the weakened inputs, suggesting that microglial pruning is regulated by neural activity 82 . Moreover, disruption of microglia-specific pruning resulted in sustained deficits in eye-specific segregation in vivo 82 . Consistent with this idea, abnormal microglia function and complement cascade activation have been associated with neurodegeneration of the CNS. In a mouse model of glaucoma, a neurodegenerative disease associated with loss of RGCs and gliosis, C1q and C3 are highly upregulated and deposited on retinal synapses, and C1q deficiency or microglial 'inactivation' provide significant neuroprotection 77 . Thus, dysfunction of microglia or complement (or both) might be directly involved in diseases associated with synapse loss, dysfunction and development. These studies suggest that astrocytes induce the expression of complement proteins to promote synaptic pruning and that this pathway has a crucial role in the development of neural circuits and in the progression of glia-mediated diseases. Future work will be required to identify the signal released from astrocytes that induces complement protein expression at synapses and to determine how complement protein expression is regulated by neural activity.
Synapse elimination by astrocytes. In addition to the elimination of unwanted synapses by microglia, there is growing evidence that astrocytes might also be involved in the phagocytosis of neuronal debris and synapses in the brain. Phagocytic activity by astrocytes has been reported in response to trauma 83, 84 or glioma 85 and du ring developmental axon death 86 . For example, astrocytes actively collect and engulf whole dead cells in an in vitro model of brain injury 87 . Surprisingly, astrocytes also show phagocytic activity in the healthy, uninjured brain. In particular, astrocytes in the optic nerve head constitutively phagocytose axons and organelles 88 . The astrocytes in this region expressed the phagocytosisrelated gene Mac-2 (also known as Lgals3). Moreover, expression of Mac-2 in astrocytes in the optic nerve head was upregulated in response to injury and in mouse models of glaucoma 88 , indicating that this pathway might be responsible for the removal of axons in neurodegenerative diseases such as glaucoma. 
Polyglutamine repeats
Expanded runs of consecutive trinucleotide CAG repeats, which encode polyglutamine. These repeats are found in the genes of a large number of patients with neurodegenerative diseases such as Huntington's disease, fragile X syndrome and ataxia. Polyglutamine repeats are thought to cause protein aggregation, which is a key feature of these diseases.
Gene-profiling studies indicate that astrocytes express a plethora of genes that have been implicated in the processes of engulfment and phagocytosis [89] [90] [91] . These genes fall into three redundant pathways that activate phagocytosis 92 . The first pathway includes the genes encoding CRKII, dedicator of cytokinesis protein 1 (DOCK1), engulfment and cell motility protein (ELMO) and RAC1, which control the rearrangement of the actin cytoskeleton that is required for a phagocytic cell to surround the cell debris 93, 94 . A recent study has shown that astrocytes also express the brain-specific angiogenesis inhibitor 1 (BAI1) phagocytic receptor 95 , which acts upstream of the CRKII, DOCK1, ELMO and RAC1 components 96 . The second pathway includes the c-Mer tyrosine kinase receptor (MERTK), which interacts with the α V β 5 integrin pathway to regulate the CRKII, DOCK1 and RAC1 signalling molecules 97 . Astrocytes also express a separate RAC1-independent pathway consisting of multiple epidermal growth factor-like domains 10 (MEGF10; Caenorhabditis elegans homologue CED-1 and D. melanogaster homologue Draper), ATP-binding cassette A7 (ABCA7; C. elegans homologue CED-7) and GULP (also known as GULP1; C. elegans homologue CED-6), which is thought to participate in the recognition and engulfment of cellular debris 87, 98 . The expression of these phagocytic proteins in astrocytes suggests that astrocytes could act as phagocytes in the brain. Thus, like microglia, astrocytes might participate in synapse elimination to sculpt neural circuits during development. However, further work will be required to investigate the function of these phagocytic pathways in astrocytes, the extent to which astrocytes are phagocytic in vivo and whether astrocytes eliminate synapses in the brain. Furthermore, it will be interesting to assess whether these different phagocytic pathways synergize or independently mediate the clearance of specific types of debris. It may be that these different pathways aid the coordination of the elimination process and provide molecular specificity in recognizing target synapses for elimination. These are important questions that need to be addressed in future studies.
Implications for human health and disease A greater understanding of human astrocyte function might provide a foundation for investigations into pathological changes in astrocytes in human neurodevelopmental and psychiatric disorders such as autism, schizophrenia, anxiety disorder and depression. An emerging theme from recent research is that autism and schizophrenia are diseases of synapses 12, 18 . Given that astrocytes are so intimately associated with synapses and can control their formation, function, elimination and plasticity, it is possible that the dysfunction of astrocytes could contribute to the pathophysiology of these diseases. Indeed, analyses of human neurodevelopmental diseases with known genetic mutations (in particular, Rett syndrome, fragile X syndrome and Down's syndrome) are beginning to reveal that astrocyte dysfunction contributes to the disease pathology.
Rett syndrome is an X-linked neurodevelopmental disorder caused by the loss of the transcriptional repressor methyl-CpG-binding protein 2 (MECP2).
The clinical features of Rett syndrome include autism, respiratory abnormalities, cognitive impairment and a decrease in brain weight and volume 99 . MECP2 expression has been detected in both neurons 100, 101 and astrocytes 102 . Interestingly, a recent study found that wild-type hippocampal neurons cultured with astrocytes from MECP2-deficient mice had abnormally stunted dendrites 102 , suggesting that MECP2-deficient astrocytes impair neuronal outgrowth and dendrite development. Moreover, conditional reactivation of MECP2 in astrocytes partially rescued dendrite development in MECP2-deficient mice in vivo 21 . These findings indicate that the loss of MECP2 function in astrocytes contributes to the developmental defects in neurons in the mouse model of Rett syndrome. Furthermore, they raise the question of whether MECP2 could control the transcription of genes that encode synaptogenic astrocyte-secreted molecules (such as the TSPs, hevin or glypicans). In this way, the loss of MECP2 could impair the expression of synaptogenic astrocyte-secreted molecules and lead to the deficits in dendrite development that is found in Rett syndrome.
Fragile X syndrome is a common cause of inherited mental retardation and is caused by a mutation in fragile X mental retardation 1 (FMR1). FMR1 encodes the RNA-binding protein fragile X mental retardation protein (FMRP), which is localized to synapses, where it associates with mRNA and polyribosomes. FMRP has been reported to have many physiological functions, including the regulation of local protein translation to control synapse development, plasticity and elimination (reviewed in REF. 103 ). More recently, FMRP has been shown to have translation-independent functions: for example, it has been shown to regulate neurotransmitter release by modulating the action potential duration 104 . Patients with fragile X syndrome have cognitive impairment, autistic characteristics, epilepsy and motor abnormalities 105 . In most patients, polyglutamine repeats in FMR1 lead to the loss of FMRP, and this can be recapitulated by knocking out Fmr1 in mice. Hippocampal neurons grown in the presence of Fmr1-deficient astrocytes show abnormal dendritic morphology and reduced synapse density 20 . Interestingly, normal astrocytes could prevent the development of abnormal dendrite morphology and the reduction in synapses in neurons from the Fmr1-deficient mice 20 . Thus, astrocytes contribute to abnormal dendrite and synapse development in Fmr1-deficient mice. Down's syndrome, which is caused by triplication of chromosome 21 (trisomy 21), is the most common genetic cause of mental retardation. The cognitive deficits in patients with Down's syndrome have been associated with structural changes in the architecture and alterations in the number of dendritic spines 106 . Hippocampal neurons grown in the presence of astrocytes from patients with Down's syndrome have abnormal spine development and reduced synaptic density and activity 107 . This study identified TSP1 as the key astrocyte-secreted factor that modulates spine number and density. Furthermore, TSP1 levels were markedly reduced in astrocytes from patients with Down's syndrome. The restoration of TSP1 levels rescued the spine and synaptic defects found in hippocampal neurons cultured in the presence of Down's syndrome astrocytes 107 . These results indicate that astrocyte-secreted molecules contribute to the synaptic defects in Down's syndrome and raise the question of whether TSP1 could be used to treat these synaptic defects.
It is notable that the clinical features of both Rett syndrome and fragile X syndrome often include epilepsy 108 and autism 105 . Although the molecular mechanisms that underlie epilepsy and autism are poorly understood, it is becoming clear that both of these diseases are associated with abnormal synapse development, elimination and function and an impairment of the excitatory-inhibitory balance 12, 14, 109 . Taken with the evidence that astrocytes strongly control synapse formation and the in vitro evidence for the role of astrocytes in Rett syndrome and fragile X syndrome, this raises the question of whether abnormal astrocyte development could contribute to the pathogenesis of these common neurodevelopmental diseases. Consistent with this idea, the expression of some of the genes that are thought to be associated with autism, such as 4-aminobutyrate aminotransferase (ABAT) 110 , fatty acid-binding proten 7 (FABP7) 111 and glutathione S-transferase μ1 (GSTM1) 112 , is highly enriched in astrocytes 89 . Thus, these results show that astrocytes might have an underappreciated role in many neurodevelopmental diseases and raise the question of whether targeting astrocytes might lead to the development of new therapeutic agents for these diseases.
Conclusions and future perspectives
Astrocytes can no longer be thought of as passive support cells. Over the past 10 years, many compelling lines of evidence have shown that astrocytes powerfully control every stage of synapse formation, maturation and elimination to support the development and maintenance of neural circuits.
One important area for future investigation is to determine how specific astrocyte-secreted signals interact with the neuronal signalling pathways that regulate synapse development and plasticity. Furthermore, advances in our understanding of how astrocytes respond to neuronal activity to regulate the release of secreted signals should improve our understanding of the molecular mechanisms that control synapse formation and function.
Another exciting area of research will be the study of human astrocytes to determine how they differ from their rodent counterparts. An understanding of the unique characteristics of human astrocytes might provide a new insight into the basis of human cognition. This molecular insight might also further our understanding of the pathological changes in astrocytes that lead to several neurodevelopmental disorders.
As astrocytes are so essential to the normal structure and function of synapses, it has been difficult to dissect their role in synapse development and function in vivo. However, with the identification of astrocyte-specific markers 89 and the molecules they release, the advent of optogenetics and improvements in imaging techniques, it might now be possible to manipulate astrocytes in specific brain regions and at different times during development in vivo. Furthermore, advances in cell culture techniques 113 and induced pluripotent stem cell technology 32 will allow researchers to purify astrocytes and neurons from patients with neurodevelopmental disorders. These studies might shed new light on the contributions made by astrocytes to the formation of neural circuits in both healthy and diseased human brains.
